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Abstract
Mataracioglu, Mehmet Onur. M.S. The University of Memphis. May 2012.
Investigation of Collision Styles of the Caribbean Large Igneous Province (CLIP) vs.
Normal Oceanic Crust Using Seismic Reflection Profiles. Major Professor: M. Beatrice
Magnani, Ph.D.
During subduction of the Caribbean plate beneath the North and South American
plates, large amount of material of crustal composition either descend into the mantle or
are incorporated into the accretionary prism. In this study I investigate the collision at the
northern and southern margins, where two different types of crustal material, Caribbean
Large Igneous Province (CLIP) and normal oceanic crust, subduct, leading to differences
in the collision style and structures. As part of this study, I refine the lateral extent of the
CLIP in the eastern Caribbean. My analysis suggests that where the CLIP is involved in
the subduction process, the sedimentary cover is clearly incorporated into the
accretionary prism, and possibly only the igneous basement is recycled back into the
subduction zone; however, where the normal oceanic crust is involved in the subduction,
both the basement and its sedimentary cover enter the subduction channel.
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1.

1.1

THE CARIBBEAN PLATE

Introduction

The Caribbean (CAR) plate is a small but extremely complex geological region
floored mainly by oceanic and island arc crust (Mann, 1999). It moves 22 mm/yr
eastward relative to a fixed South America (Weber et al., 2001). The northern and
southern boundaries of the eastern Caribbean are highly oblique transpressive domains,
which combine both subduction and strike-slip elements (McClay et al., 2004; Audemard
et al., 2005) (Figure 1.1). Along the northern edge of the Venezuelan Basin, bounded to
the east and west by the Aves Ridge and Beata Ridge, respectively, the southern portion
of Hispaniola and Puerto Rico is thrust over the CAR plate at the Muertos Trough (Mann
et al., 2002), whereas the oceanic crust of the North American (NA) plate subducts
beneath Puerto Rico and the Virgin Islands along the Puerto Rico Trench, approximately
350 km north of the Muertos Trough. At the southern margin, the movement between the
CAR and the South America (SA) plates is partitioned between the accretionary prism of
the South Caribbean Deformed Belt (SCDB), a 300-600 km wide deformation zone
located offshore the Leeward Antilles, and a system of dextral-strike slip faults
onshore/offshore along the northern coast of Venezuela (Pindell and Kennan, 2009).
Furthermore, to the east, the oceanic crust of the NA plate subducts beneath the CAR
plate along the Great Arc of the Caribbean, forming the Lesser Antilles volcanic arc. To
the west, the Cocos plate subducts beneath the CAR plate at the Middle America Trench.
1

Figure 1.1. Plate-boundary map and bathymetry of today’s Caribbean plate, showing key tectonic features and geological provinces.
“Leading and trailing boundaries of the Caribbean plate are subduction zones associated with the active volcanic arcs (Lesser Antilles and Central
American arcs). The southern plate boundary with Colombia, Venezuela, and Trinidad is wide, diffuse, and complex; strain is partitioned between thrust
faulting and strike-slip faulting associated with development of pull-apart basins. Similarly, prior to the Eocene collision of Cuba with the Bahamas
Bank, the northern plate boundary was also wide and complexly partitioned. Post-collision, the plate boundary was reorganized, with motion now
concentrated on the relatively simple Cayman Trough in the west, whereas complexly partitioned thrust and strike-slip faulting continues in the Puerto
)Rico segment” (Pindell and Kennan, 2009).
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1.2

Geological Evolution of the Caribbean Plate from Triassic to Present

The complex framework of the Caribbean region is the result of a long tectonic
history. Two models have been proposed to explain the evolution of the CAR plate. The
first model suggests that the CAR plate was formed by magmatic upwelling occurring in
the region created by the movement of the SA plate towards the southeast, away from the
NA plate, between 130 Ma and 80 Ma (Frisch et al., 1992). This model fails to explain
the large displacement observed along strike-slip faults at the northern and southern
margins of the CAR plate, and therefore, the current plate location. The second model
proposes that the CAR plate was part of the eastern Pacific plate (Farallon plate) and
drifted eastward to the area between the NA and SA plates as a consequence of the
subduction of a proto-Caribbean plate beneath the eastern margin of the CAR plate, and
of the rollback of this subduction zone toward the east (Pindell and Barrett, 1990) (Figure
1.2). As the Pacific-derived Caribbean plate drifted eastward, it crossed over the
Galapagos hotspot and was thickened as a consequence of magmatic activity. It is
proposed that this volcanic material formed the Caribbean Large Igneous Province
(CLIP) (Mauffret and Leroy, 1997). The second model is favored in the literature.
According to this second model, the evolution of the CAR plate involves five
phases: 1) the pre-rift phase, 2) Late Jurassic rift phase, 3) Cretaceous passive margin
phase, 4) Late Cretaceous - passive margin collisional phase, and 5) Late Cenozoic
strike-slip phase (Mann, 1999). The pre-rift phase defines the era before the rift formation
between the NA and SA in the Middle Jurassic (160 Ma), when three crustal age

3

Figure 1.2. Motion histories of North (NA), South America (SA) and Pacific-derived Caribbean plate (CAR) relative to Indo-Atlantic hot spot (IAHS)
Müller et al. (1993) reference frame (grey lines); hot spots relative to North America.
“Caribbean relative to North America (heaviest black line), as summarized from former relative positions of the Caribbean Trench (lighter black lines).
Also shown: Cayman Trough (grey outline); Cenozoic convergence between the Americas (inset upper right;); seismic tomographic profile (inset, lower
right)” (Pindell and Kennan, 2009).
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provinces existed in the future rift region. These provinces are Pan-African crustal age
province of Africa and Brazil, Grenville crustal age province of N. and S. America, and
Guyana Shield of northern S. America (Mann, 1999). The Yucatán block was located in
the central part of the Gulf of Mexico at this time (Figure 1.3).
Rifting between the NA and SA plates started in the Late Jurassic Ma) and
continued until the Early Cretaceous (130 Ma) as a consequence of the diachronous
opening of the north and central Atlantic (Mann, 1999). The rifted margins extended
along the northern and southeastern Gulf of Mexico, the northeastern and northwestern
margins of SA, and the southern edge of the Bahamas Platform (Pindell, 1994). Mostly
carbonate sediments were deposited over the rift topography during the passive margin
phase. The spreading region between the NA and SA plates (i.e. the proto-Caribbean
plate) became a seaway between the Atlantic and Pacific Oceans floored by oceanic
crust.
To the west, the eastern margin of the Pacific-derived Caribbean plate was a
northeast-dipping subduction zone beneath the Inter-American Arc (Pindell and Barrett,
1990). During the Aptian (125 Ma), the velocity of the mid-Atlantic spreading ridge
doubled, and the equatorial Atlantic started to open; the change in plate configuration
increased the westward acceleration of the Americas, and triggered a polarity reversal of
the subduction zone on the eastern margin of the Pacific-derived Caribbean plate (Pindell
et al., 2005). The northeast-dipping subduction zone beneath the Inter-American Arc
changed into the southwest-dipping subduction beneath the Great Arc of the Caribbean,
and the proto-Caribbean started subducting beneath the Pacific-derived Caribbean plate.

5

Figure 1.3. 158 Ma reconstruction of the Caribbean plate (Pre-rift phase).
“Pangaea breakup has reached incipient oceanic crust formation in the Gulf of Mexico, the Proto-Caribbean Seaway between Yucatán and Venezuela,
and possibly between Colombia and Chortís. There is a continuous belt of granitoids approximately 500 km from the trans-American Trench. Chortís
and Antioquia are inferred to be in a forearc position relative to these granitoids and associated Jurassic volcanic rocks” (Pindell and Kennan, 2009).
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The CLIP then formed as the eastward drifting CAR plate passed over the
Galapagos hotspot and into the rifted region between the NA and SA plates. The
development of the CLIP started in the Albian (110 Ma) and ended in the Campanian (80
Ma), although the main igneous activity occurred in the Late Turonian (90 Ma). In the
Late Cretaceous, the CAR plate and its leading edge, the Great Arc of the Caribbean,
started colliding with the NA and SA plates, and this interaction deformed the northern
and southern margins of the CAR (Pindell and Barrett, 1990). The Cuban forearc collided
with the Yucatán Block and moved along the Yucatán Peninsula, thus causing the
opening of the Yucatán Basin (70 Ma) (Figure 1.4). The collisional phase ended in the
Early Eocene.
The strike-slip phase started in the late Cenozoic when the collision zones of the
previous phase turned into long strike-slip faults as the Pacific-derived Caribbean plate
entered the area between the NA and SA plates, following the eastward rollback of the
proto-Caribbean subduction zone beneath the Great Arc of the Caribbean. The eastward
migration was accommodated by the strike-slip left-lateral faults at the northern margin
and the right-lateral faults at the southern margin of the CAR plate. The Great Arc of the
Caribbean collided with the Bahamas Platform in the Early Eocene, after the collisional
phase, and this collision caused thrusting and the uplift of Hispaniola and also the CAR to
change the direction of motion from ENE to the present E-W direction (Mann, 1999)
(Figure 1.1).

7

Figure 1.4. 71 Ma reconstruction of the Caribbean plate (Late Cretaceous recent arc passive margin collisional phase).
“North and South America cease diverging, resulting in more head-on subduction of the Caribbean beneath the northern Andes and northward zippering
of Panama against the Andes. Suturing of the Caribbean Arc along the Chortís-Yucatán margin is nearly complete, and result in backthrusting and
further convergence being taken up at the Lower Nicaragua rise. Chortís was dislodged from North America at this time, and began to move as an
independent terrane eastward along Mexico due to partial coupling with the underlying Caribbean crust, much like Maracaibo Block moves today
between the Caribbean and stable South America. Note that Farallon motions with respect to the America suggest a trebling of the rate of subduction
under the Costa Rica-Panama Arc from southeast to northwest” (Pindell and Kennan, 2009).
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1.3

Present Regional Tectonic Features of the Caribbean Plate

The regional tectonic features of the eastern CAR plate are summarized below in
three regions: northeastern, eastern, and southeastern (Figure 1.5).

Northeastern Caribbean

The highly oblique convergence between the NA and the northern CAR plate is
accommodated along a broad deformation zone that extends from Hispaniola to the
eastern Greater Antilles island arc. The relative plate motion takes place along the Puerto
Rico Trench, where limited amount of compression is accommodated (Mann et al., 2002)
by thrusting of the CAR plate under Hispaniola and Puerto Rico, and along a system of
east-west trending, left-lateral strike slip faults (ten Brink and Lin, 2004; 2005). In this
setting, the Muertos convergent margin is an east–west trending tectonic feature located
in the retroarc region of an inactive island arc (Dillon et al., 1996).
The Muertos tectonic area (Figure 1.6) can be classified as a convergent margin
where a variable thick pile of pelagic and turbiditic sediments has been accreted to
produce a deformed belt (Matthews and Holcombe, 1974; Ladd et al., 1977; Case and
Holcombe, 1980). The accreted pelagic sediments come from the foreland region,
whereas the turbiditic sediments are mainly of island arc origin. This trough is 650 km
long and runs from the Beata Ridge to the west to the Aves Ridge to the east (Matthews
and Holcombe, 1974; Case and Holcombe, 1980). The reflecting horizons of the
Venezuelan Basin gently dip to the north beneath the turbidite fill of the trough and
9

Figure 1.5. Research area partitioned into three regions as northeastern, eastern, and southeastern to illustrate the regional tectonic features.
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Figure 1.6. Geosat free-air gravity map of marine areas associated with the North-America-Caribbean plate boundary in the northeastern Caribbean
plate.
Gravity highs are shown by darker colors and lows are shown by lighter colors. (5) Northwestern coast of Hispaniola, (6) Northeastern coast of
Hispaniola, (7) Puerto Rico Trench, (15-17) Three Late Neogene basins in Hispaniola, (18) Muertos Trench, (19) Forearc basin on the overriding plate
south of Hispaniola, (20) Anegada fault zone (Mann, 1999).
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continue beneath the NA plate (Ladd et al., 1977). This dipping creates an oblique
subduction at the Muertos Trough as a consequence of the relative motion between the
CAR plate and the NA plate during the eastward drifting of the CAR plate. LaForge and
McCann (2005) propose that the amount of compression at the Muertos Trough decreases
to the east, and compressional tectonic changes into extensional tectonics at the Anegada
Trough. Subduction at the Muertos Trough formed a forearc basin on the Hispaniola;
however, no volcanic arc is associated with this subduction zone, due to the low angle of
subduction (Mann, 1999). It has been argued that the Muertos Trough subduction ceased
around the Late Eocene (Burke et al., 1978) or Oligocene (Malfait and Dinkelman, 1972).
However, Dillon et al. (1996) and Dolan et al. (1998) used recent earthquakes of the
subduction processes from seismological data to constrain the 3D geometry showing a
15˚ northward dipping zone of seismicity associated with the northward thrusting of
Caribbean lithosphere under Hispaniola along the Muertos Trough.

Eastern Caribbean

The major geological structures at the eastern part of the Caribbean plate are the
Venezuelan Basin, the Colombian Basin and the Beata Ridge (Figure 1.7).
The Venezuelan Basin is primarily floored by the oceanic plateau (CLIP) of the
Caribbean plate (Driscoll and Diebold, 1999), and is bounded by the Beata Ridge to the
west, by the Aves Ridge to the east, by the Muertos Trough to the north, and by the
SCDB to the south.
The Colombian Basin is partially underlain by the Caribbean oceanic plateau
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(Bowland and Rosencrantz, 1988), and is bounded by the Hess Escarpment to the north,
by the SCDB to the south, and the Beata Ridge to the east. Along the western portion of
the SCDB, the CAR is thrust under the northwestern edge of the SA plate according to
the tomographic results of van der Hilst and Mann (1994) that show the presence of the
CAR plate at a depth of 350 km beneath the northern Andes (Merida Andes).
The Beata Ridge is the tectonic physiographic boundary between the Venezuelan
and Colombian Basins (Mann, 1999). This ridge consists of a main uplift trending SW
from Cape Beata (Hispaniola) with finger-like ridges that extend diagonally southward
and southeastward, away from the main ridge (Holcombe et al., 1990). According to
Driscoll and Diebold (1999), the Beata Ridge is a prominent relict extensional fault block
related to the formation of the Caribbean oceanic plateau. The Beata Ridge crust formed
no later than the Campanian – Maestrichtian (80–65Ma) and experienced several
episodes of uplift and subsidence throughout the Cenozoic (Fox and Heezen, 1975;
Pindell and Barrett, 1990).

Southeastern Caribbean

The major geological elements on the southeastern part of the Caribbean plate are
the South Caribbean Deformed Belt, the Aves Ridge, the Grenada back-arc basin, the
Lesser Antilles volcanic arc, the Eastern Venezuelan Basin, and the Maracaibo Basin
(Figure 1.8).
The South Caribbean Deformed Belt is a submarine prism formed at the interface
between the subducting oceanic crust and overlying sediments in the Colombian and

13

Figure 1.7. Geosat free-air gravity map of marine areas associated with the eastern Caribbean plate.
Gravity highs are shown by darker colors and lows are shown by lighter colors. (4) Beata Ridge, (5) Colombian Basin, (6) South Caribbean Deformed
Belt (SCDB), (7) Venezuelan Basin (Mann, 1999).
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Venezuelan Basins and the arc terranes along the northern edge of the South American
continent (Mann et al., 2007). This belt represents the deformation front of a large
accretionary wedge formed by the thrusting of the Caribbean oceanic plateau, normal
oceanic crust and the overlying sedimentary cover under the South American continent
(Mann, 1999). The SCDB laterally extends 1500 km from Panama to the Aves Ridge
(Mann et al., 2007).
The Aves Ridge is a north-trending arc (Holcombe et al., 1990) that was formed
when Paleogene east-west opening of the Grenada back-arc basin separated the ridge
from the Lesser Antilles arc (Bouysse, 1988). The Aves Ridge extends from the Anegada
Passage to the north, to the South American continental margin to the south (Holcombe et
al., 1990).
Based on the magnetic anomalies produced by east-west trending features at low
magnetic latitudes that have significantly larger amplitudes than the anomalies produced
by the north-south trending features, Bird et al. (1993) proposes that the Grenada backarc basin opened in the east-west direction, and it is blanketed by 2 km (to the north) and
9 km (to the south) of Cenozoic sediment derived from the erosion of both the South
American continent and the Lesser Antilles (Bouysse, 1988). The crust beneath this
basin, which is approximately 25 km thick, is thicker than the typical Atlantic oceanic
crust (Case et al., 1984).
The Lesser Antilles volcanic arc is related to the Atlantic oceanic lithosphere
subduction beneath the Caribbean plate. Volcanic activity along the arc has been
proposed to start either in the Early Cretaceous (Speed and Westbrook, 1984; Bouysse,
1988), or in the Paleogene (Pindell and Barrett, 1990). The Lesser Antilles arc define a
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850 km long curve from Grenada to Sombrero that is linking the Venezuelan continental
borderland to the south with the eastern tip of the Greater Antilles island arc (Puerto Rico
– Virgin Islands platform) at the north (Bouysse et al., 1990). The Lesser and the Greater
Antilles are separated by the Anegada passage.
The Eastern Venezuelan Basin (Figure 1.8) is a foreland basin formed by the
oblique convergence between the South American continent (Guyana Shield) and the
Caribbean arc system in the Oligocene and Miocene time (di Croce et al., 1999; Flinch et
al., 1999). This basin is directly associated with the transpressional coast ranges of
northern Venezuela, and it dips underneath the southwest plunging folds of the Barbados
accretionary wedge, merging to the southeast with the Atlantic passive margin of South
America. The Eastern Venezuelan Basin consists of two sub-basins, and the age of these
sub-basins increase from east to west. The Maturin sub-basin, at the east, formed from
Oligocene to present, and the Guárico sub-basin, at the west, formed from Eocene to
Pliocene (Mann, 1999).
The western extension of the Eastern Venezuela Basin, the Maracaibo Basin, is
bounded by the Oca fault on the north, by the Andes Mountains termed the Sierra de
Perijá on the west, and the Mérida Andes on the east and the south. The basin formed
during the Late Paleocene - Eocene (Lugo and Mann, 1995), when the oblique collision
between the Caribbean and South American plates produced a 4-km-thick wedge of
clastic sediments.
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Figure 1.8. Geosat free-air gravity map of marine areas associated with the South-America-Caribbean plate boundary in the southeastern Caribbean
plate.
Gravity highs are shown by darker colors and lows are shown by lighter colors. (1) Aves Ridge, (2) Grenada back-arc basin, (3) Lesser Antilles volcanic
arc, (4) Tobago Trough, (6) Orinoco Delta, (7) Maturín sub-basin, (8) Guárico sub-basin, (9) Maracaibo Basin, (10) Eastern Venezuela Basin, (11)
Cariaco pull-apart basin, (12) South Caribbean Deformed Belt (SCDB), (13) Boconó fault, (14) Santa Marta-Bucaramanga fault (Mann, 1999).

17

1.4

Seismicity of the Eastern Caribbean Region

The presence of deep earthquakes (> 300 km), ocean trenches and active volcanic
arcs surrounding the Caribbean plate (Figure 1.9) suggests that the CAR plate oceanic
lithosphere is presently being thrust under the NA and SA plates along the Muertos
Trough and the South Caribbean Deformed Belt, whereas, the NA and the Pacific plates
dive beneath the CAR plate at the Puerto Rico Trench, the Great Arc of the Caribbean,
and the Middle American Trench. Shallow seismicity in Guatemala, northern Venezuela,
the Cayman Ridge, and the Cayman Trench indicates strike-slip motion and associated
pull-apart basin tectonics along the transform plate boundaries.
Figure 1.10 - Figure 1.12 show the complex relationship between the CAR plate
and the surrounding plates through a series of depth sections across the recorded NEIC
catalog seismicity. To the north, cross sections across the Muertos Trough and the Puerto
Rico Trench (Figure 1.10) show the double polarity subduction of the CAR and the NA
plates under Hispaniola-Puerto Rico, and the relative relationship of the two plates at
depth. Most of the convergence between the CAR and NA accommodated along this
plate boundary occurred during Maastrichtian (70 Ma). Focal mechanisms and geodetic
data indicate that today the present motion along this plate boundary is left-lateral strikeslip (ten Brink and Lin, 2004). The series of sections show how from west to east the NA
plate becomes the dominant subduction boundary and continues onto the Great Arc of the
Caribbean subduction zone.
Along the Great Arc of the Caribbean the seismicity clearly illuminates the westdipping subduction of the NA oceanic lithosphere beneath the CAR (Figure 1.11). The
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Figure 1.9. Seismicity of the Caribbean plate taken from the NEIC and CMT (Mw > 4.5) catalogs from 1976 to 2011 and the locations of the seismicity
cross-sections.
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Profile A-A’

Profile B-B’

Profile C-C’

Profile D-D’

Figure 1.10. Earthquake hypocenters projected onto a series of vertical sections through the Muertos Trough, where the CAR plate subducts beneath the
NA plate, and the Puerto Rico Trench, where the NA dives beneath the Hispaniola-Puerto Rico islands.
Locations of the cross-sections are shown at Figure 1.9.
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seismicity associated with the NA slab can be followed to a depth of 200 km, and shows
that the NA slab maintains a constant angle of subduction (~44°-46°) from north to south.
To the south, the 700 km-long east-west trending transform boundary, expressed
by the El Pilar-San Sebastian right-lateral strike-slip fault system (Figure 1.12), connects
the NA west-dipping subduction zone at the Great Arc of the Caribbean with the eastdipping subduction of the CAR beneath the SA plate to the west. Low levels of shallow
and scattered seismicity characterize this transform boundary (Figure 1.12) with the
deepest events recorded at the southeastern corner of the plate boundary, where the
transform connects to the Great Arc of the Caribbean subduction zone. Here the deep,
vertical cluster of seismicity (known as the Paria cluster) is interpreted as the active tear
zone where the SA lithosphere is presently accommodating the eastward roll back of the
Atlantic subduction zone (Clark et al, 2008). To the southwest, profile J-J’ and K-K’
(Figure 1.12), show the CAR slab diving beneath the SA lithosphere and extending as far
inland as the Merida Andes to depths greater than 200 km. The dipping angle of the CAR
slab in this area is approximately 33°.
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Profile E-E’

Profile F-F’

Profile G-G’

Profile H-H’

Figure 1.11. Earthquake hypocenters projected onto a series of vertical sections through the Great Arc of the Caribbean where the oceanic NA plate
subducts beneath the CAR plate.
Locations of the cross-sections are shown at Figure 1.9.
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Profile I-I’

Profile J-J’

Profile K-K’
Figure 1.12. Earthquake hypocenters projected onto a series of vertical sections through the South Caribbean Deformed Belt where the Caribbean plate
subducts beneath the South American plate.
Locations of the cross-sections are shown at Figure 1.9.
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1.5

Dataset

This study involves the interpretation of 150 Multi-Channel Seismic (MCS) time
stack and migrated marine reflection profiles acquired during eight cruisers collected
between 1975 and 2004 (Figure 1.13), the velocity models of the refraction profiles
during the BOLIVAR project, and the Deep Sea Drilling Project (DSDP) Leg 15 drilling
data (Figure 1.14; Figure 1.15; Figure 1.16).
The primary seismic datasets come from the Caribbean Plate Structure Cruise
(EW9501) and the SE Caribbean Seismic Cruise (EW0404) also known as “Broadband
Onshore-Offshore Lithosphere Investigation of Venezuela and the Antilles Arc Region
(BOLIVAR)” because the data of these two cruises are the best quality data and most
recent acquisition project in the research area. The University of Texas at Austin –
Institute for Geophysics (UTIG) and Rice University collected the BOLIVAR data in
2004 on the R/V Maurice Ewing. The Lamont-Doherty Earth Observatory collected the
EW9501 data on the R/V Maurice Ewing in 1995 (Table 1.1).
The other seismic dataset used in this project are the Caribbean IPOD Cruise
(FM0107) acquired by UTIG in 1979, the Kane Fracture Zone & Venezuela Basin Cruise
(IG1503) by UTIG in 1975, the Caribbean Basin, Yucatan Basin Cruise (IG1506) by
UTIG in 1975, the Nicaragua Rise, Dominican Republic Cruise (IG2408) by UTIG in
1977, the Western North Atlantic Margin Cruise (RC1904) by the Lamont-Doherty Earth
Observatory in 1975, and the Southern Margin of the Caribbean Cruise (RC2103)
acquired by the Lamont-Doherty Earth Observatory and the University of Hawaii in
1977. The reason I have chosen these cruises is that they cover most of the research area,
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and allow me to follow the seismic horizons since they frequently intersect each other.
The drilling dataset used in this project is Leg 15 of DSDP drilled in 1971
because the Leg 15 is focused on the eastern CAR plate. Sites 146/149 and 150 helped us
to define the sedimentary packages in the research area since they are deep enough to
sample the full sedimentary column of the Venezuelan Basin (Figure 1.14; Figure 1.15;
Figure 1.16; Table 1.2).
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Figure 1.13. Locations of the MCS seismic reflection profiles and the DSDP Leg 15 drillings.
Yellow lines: EW0404, red lines: EW9501, cyan lines: FM0107, orange lines: IG1503, green lines: IG1506, blue lines: IG2408, purple lines: RC1904,
pink lines: RC2103, black circle: DSDP drillings.
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Table 1.1. Summary of the acquisitions and processing parameters about the cruises and the seismic dataset.

Vessel
Year
Source
Type
Source
Volume
Source
Number
Source
Depth
Source
Pressure
Receiver
Type
Recorded
Channels
Channel
Length
Sampling
Rate
Record
Length
Data
Processing
System
Archive

EW0404
R/V
Maurice
Ewing
2004
AirGun:
Bolt1500C

EW9501
R/V
Maurice
Ewing
1995
AirGun:
Bolt1500C

FM0107
R/V
Fred
Moore
1979
AirGun:
Bolt4200

RC2103
R/V
Robert D.
Conrad
1977
AirGun:
Bolt1500C

IG2408
R/V
Ida
Green
1977
AirGun:
Bolt4200

RC1904
R/V
Robert D.
Conrad
1975
AirGun:
Bolt1500C

IG1506
R/V
Ida
Green
1975
AirGun:
Bolt4200

IG1503
R/V
Ida
Green
1975
AirGun:
Bolt4200

6947 cu in

8470 cu in

4500 cu in

1864 cu in

6000 cu in

1864 cu in

4500 cu in

4500 cu in

20

20

3

4

4

4

3

3

7m

8m

10

Unknown

10

Unknown

9

9

138 bars

138 bars

31 bars

138 bars

24.1 bars

138 bars

24.1 bars

24.1 bars

Hydroph.
Streamer

Hydroph.
Streamer

Hydroph
Streamer

Hydroph
Streamer

Hydroph
Streamer

Hydroph
Streamer

Hydroph
Streamer

Hydroph
Streamer

480

160

24

24

24

24

24

24

12.5 m

25 m

70 m

100 m

91.4 m

100 m

91.4 m

91.4 m

4 ms

4 ms

4 ms –
2 ms

4 ms

4 ms

4 ms

4 ms

4 ms

14.336 s

25 s - 16 s

Unknown

12 s

Unknown

12 s

Unknown

Unknown

Paradigm
Geophysics
Focus
UTIG
MSDC

LDEO
MCS
Inhouse
UTIG
MSDC

LDEO
MCS
Inhouse
UTIG
MSDC

Exxon
Production
Research
UTIG
MSDC

Exxon
Production
Research
UTIG
MSDC

Raytheon
Tempus
UTIG
MSDC

LDEO
MCS
Inhouse
UTIG
MSDC
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Raytheon
Tempus
UTIG
MSDC

Figure 1.14. Location of DSDP Leg 15 drillings.
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Figure 1.15. Columnar sections of holes drilled on Leg 15 of DSDP (Shipboard Scientific Party, 1973c).
The legend of these columnar sections is given at Figure 1.16.
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Figure 1.16. Legend of the columnar sections of holes shown at Figure 1.15 (Shipboard Scientific Party,
1973c).
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Table 1.2. DSDP Leg 15 Drilling Summary (Shipboard Scientific Party, 1973c).

Site

Hole

Latitude

Longitude

Water
Depth (m)

Cores
Taken

146
146
147
147
147
147
148
149
150
150
151
152
153
154
154

O
A
O
A
B
C
O
O
O
A
O
O
O
O
A

15° 06’ N
15° 06’ N
10° 42’ N
10° 42’ N
10° 42’ N
10° 42’ N
13° 25’ N
15° 06’ N
14° 30’ N
14° 30’ N
15° 01’ N
15° 52’ N
13° 58’ N
11° 05’ N
11° 05’ N

69° 22’ W
69° 22’ W
65° 10’ W
65° 10’ W
65° 10’ W
65° 43’ W
63° 43’ W
69° 21’ W
69° 21’ W
69° 21’ W
73° 24’ W
74° 36’ W
72° 26’ W
80° 22’ W
80° 22’ W

3949
3949
892
892
892
892
1232
3972
4545
4545
2029
3899
3932
3338
3338

44
1
18
2
12
8
31
43
12
2
15
24
20
14
18

Meters
Meters
Meters
Cored Recovered Drilled
374
9
162
13
115
73
272
390
99
18
115
211
177
132
171
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145.6
4.6
119.2
6.5
81.0
32.1
181.8
239.9
39.3
1.0
56.7
59.0
70.1
66.0
130.6

388
87
0
0
10
125
0
0
81
110
266
266
599
146
1

Total Meters
Penetrated

Per Cent
Recovery

762
96
162
13
125
198
272
390
180
128
381
477
776
278
172

39
51
74
50
70
40
66
57
40
6
49
28
27
50
77

1.6

Synopsis

Digital copies of all 150 multi-channel seismic reflection profiles were
downloaded from UTIG Marine Seismic Data Center (MSDC) website
(http://www.ig.utexas.edu/sdc/). Since the interpretations of the seismic reflection
profiles were performed using Seisworks 2D module of Landmark, the navigation files
and SEG-Y files were loaded to Landmark by using the Seismic Data Loader and the
Post Stack Data Loader modules, respectively.
The continuous seismic reflectors were picked chronostratigraphically based on
truncated reflections lap relationships, and contrasts between reflective styles of seismic
facies. After analyzing some interpreted and already accepted seismic profiles, I started
interpreting the top of the acoustic basement by separating the horizon due to the smooth
and rough reflectors. Then, I continued to pick the other horizons through the sea
basement, and faults and other truncations were identified on each profile during this
process. After interpreting the DSDP Leg 15 drilling data and correlating the MCS
profiles with the drilling data and the seismic refraction profiles of the BOLIVAR
project, a map was created to show the lateral extent of the large igneous province at the
eastern Caribbean plate. Additionally, time surface structure maps of seismic horizons
and thickness maps of seismic mega sequences were created to determine the structural
and depositional layers. Finally, the northern (Muertos Trough) and southern (SCDB)
subduction zones were analyzed and defined whether they are accretionary or erosive
convergent margins. This difference gives us an idea if the sediments with continental
crust composition are or might be recycled back into the mantle along these margins.
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2.

REFINING THE EXTENT OF THE CARIBBEAN LARGE IGNEOUS
PROVINCE (CLIP)

2.1

Large Igneous Provinces and the Caribbean Large Igneous Province

Large Igneous Provinces (LIPs) are large accumulations of intrusive or extrusive
mafic igneous rocks that were erupted or emplaced at depth within a short geological
time interval (Figure 2.1). LIPs are connected to hotspots where the hot magmatic
materials upwell along the plumes from the Earth’s mantle to the crust. The melted
magmatic materials in the asthenosphere upwell along the mantle plume and spread out
radially beneath the tectonic plate. This spreading creates the Large Igneous Provinces.
These provinces may have a lateral extent of thousands of square kilometers areas and
hundreds of meters thick (Coffin et al., 2006).
There are two types of LIPs. Transient magmatism during LIP formation is most
clearly documented for continental flood basalts and volcanic passive margins (Coffin et
al., 1994). These transient events have been commonly attributed to “plume heads”
manifesting themselves in the crust after arriving from the lower mantle (Richards et al.,
1989). These types of LIPs are called “transient LIPs”, and some examples of transient
LIPs include the Caribbean LIP, Hikurangi plateau, and Deccan traps (Figure 2.1).
Persistent magmatism resulting in LIP formation is in most cases related to lithosphere
moving over more or less steady state mantle “plume tails” (Richards et al., 1989). These
types of LIPs are called “persistent LIPs”, and some examples include the Galapagos
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plateau, Ninety-East Ridge, and Chagos-Laccadive plateau (Figure 2.1).
LIPs may develop in different geological settings and under different tectonic
conditions. If a LIP forms at a seafloor-spreading axis, the entire crustal section may be
restructured as LIP crust (Figure 2.2a; Coffin et al., 2006). The deep ocean basins contain
three morphologic types of transient LIPs. (1) Oceanic plateaus, commonly isolated from
major continents, are broad, typically flat-topped features generally lying 2000 m or more
above the surrounding seafloor. They can form at triple junctions (e.g., Shatsky Rise),
mid-ocean ridges (e.g., Iceland), or in intraplate settings (e.g., southern Kerguelen
Plateau). (2) Submarine ridges are elongated, steep-sided elevations of the seafloor. Some
may form along transform plate boundaries (e.g., parts of the Ninety-East Ridge, ChagosMaldive-Laccadive Ridge, Mascarene Plateau). (3) Ocean-basin flood basalts (e.g.,
Nauru Basin and Caribbean LIP) are the least-studied type of LIPs, at least in situ, and
consist of extensive submarine flows and sills lying above and post-dating normal
oceanic crust. (Figure 2.2b; Coffin et al., 2006).
The complex tectonic history of the CAR resulted in a complex crustal structure.
Today, most of the Caribbean plate is floored by normal oceanic crust; however, early
seismic refraction surveys found the thickness of the crust underlying the Colombian
Basin and portions of the Venezuelan Basin to be about twice as thick as normal oceanic
crust, approximately 15 km (Officer et al., 1957; 1959). Later tectonic interpretations
proposed that the anomalously thick areas of oceanic crust of the Colombian and
Venezuelan Basins formed as a Late Cretaceous oceanic plateau, now referred to as the
Caribbean Large Igneous Province (CLIP), which makes up the central part of the
present-day Caribbean plate (Bowland and Rosencrantz, 1988; Pindell and Barrett, 1990).
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Figure 2.1. Phanerozoic global LIP distribution.
Transient (“plume head”) and persistent (“plume tail”) LIPs indicated in red and blue, respectively. LIPs are better preserved in the oceans where they
are not subject to terrestrial erosional processes, offering a prime target for scientific ocean drilling (Coffin et al., 2006).
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Based on the analysis of seismic wide-angle refraction, seismic reflection data,
and borehole information, Diebold and Driscoll (1999) identified four main elements that
make up the Caribbean plate crust: (1) normal oceanic crust; (2) volcanic extrusive
sequences with dipping reflectors; (3) massive bodies of volcanic extrusive and intrusive
rocks; and (4) extrusive volcanic mounds. The last three categories are simply different
manifestations of the same crust-thickening Cretaceous volcanic event (CLIP).
Several interpretations have been proposed to explain the emplacement of the
CLIP, including the passage of the CAR plate above the Galapagos hotspot during the
eastward migration of the CAR from the Pacific Ocean to its present position (Mann,
1999). Alternatively, Pindell et al. (2009) proposed that the CLIP might be the result of
magmatism developed above the slab window associated with the subduction of the
proto-Caribbean spreading center beneath the eastward migrating Caribbean plate. The
magmatic development of the CLIP is bracketed between the Albian (110 Ma) and the
Campanian (80 Ma), although the main igneous activity occurred in the Late Turonian
(90 Ma). Today, the CLIP has a lateral extent of 800.000 km2 and covers the Venezuelan
Basin, Columbian Basin, Beata Ridge, and the lower Nicaragua Rise (Mann, 1999).
Early studies about the Caribbean plate propose that the top of the acoustic
basement of the Caribbean plate, known as Horizon B”, is characterized by two different
types of reflectors, Rough B” and Smooth B”. In the seismic reflection profiles where it
has been first identified, the smooth B” is a strong, bright, and continuous seismic
reflector, whereas the rough B” is a discontinuous and indistinct seismic reflector.
Based on the samples recovered as part of the Leg 15 of the DSDP in 1971 (drill
sites DSDP 15-146/149, and DSDP 15-150), which sampled the CAR plate sedimentary
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Figure 2.2. Schematic LIP plate tectonic settings and gross crustal structure.
LIP crustal components are: extrusive upper crust (X), middle crust (MC), and lower crustal body (LCB).
Normal oceanic crust, 7-km thick, is gray. (Coffin et. al., 2006).

column in various locations down to basement (Edgar et al., 1973; Shipboard Scientific
Party, 1973a; 1973b; 1973c), the sedimentary packages of the Venezuelan and
Columbian Basins above the Late Cretaceous basement can be divided into six
lithological units, numbered downward from top to bottom (Figure 2.3). Three of these
are considered the main stratigraphic units (Driscoll and Diebold, 1999). From top to
bottom, the youngest unit was deposited in the Early Miocene, and it is distinguishable
due to the prevalence of young, short offset faults. The top of this unit is the ocean
bottom in the research area, with the exception of trench fills. The second unit was
deposited between the Middle Eocene and the Early Miocene, and it is marked at the top
by the Horizon M, a very bright reflector above a stratigraphically complex layer. The
unit consists of three different lithologies: from top to bottom, Early Eocene chert and
chalk, Paleocene siliceous claystone, and Late Cretaceous varicolored nannoplankton
chalk and marl. The oldest of the three units is an Upper Cretaceous - Middle Eocene

37

sequence, whose top is marked by the Horizon A”. DSDP Unit 6 is a highly lithified,
radiolarian limestone of Turonian-Santonian age with numerous interbedded layers of
chert, basaltic ash, and carbonaceous sediments, especially in the lower part, while the
upper part is a more homogeneous limestone. The lower contact of unit 6 with basement,
corresponding to seismic marker horizon B”, consists of graded beds of altered basaltic
ash interbedded with limestone and radiolarian sands above a dolerite sill, and highly
recrystallized limestone between the sill and a deeper level of dolerite (Shipboard
Scientific Party, 1973a; 1973b; 1973c).
Below the acoustic basement, another reflector named Horizon V represents the
top of a Lower Albian sill complex. This layer includes dipping reflectors towards the
deep part of the Columbian Basin in a similar fashion of seaward dipping reflectors
(SDR). The SDRs usually dip southward in volcanic passive margins, and their sources
are regional volcanic flows (Mauffret and Leroy, 1997). However, these dipping
reflectors are not SDR since the reflectors dip to the north in the deepest part of the
Colombia Basin. The Horizon sub-B” marks the top of the normal oceanic crust, which
extends at depth to the Horizon R, which marks the top of a deep crustal high velocity
layer. The upper part of the high velocity layer is gabbroic and outcrops on the Beata
Ridge, and the lower part is attributed to the presence of Mg-rich rocks such as picrites or
ultramafic cumulates (Mauffret et al., 1997).
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Figure 2.3. Seismic stratigraphy of the Caribbean plate based on the DSDP Leg 14 drilling data.
(A) DSDP 15-146/149 and 15-150 drilling locations crossed by Line 1320 from EW9501 seismic cruise (Driscoll and Diebold, 1999). (B) Stratigraphic
column based on DSDP 15-146/149 core data with enlarged view of the area of the drilling-seismic line intersection (Shipboard Scientific Party, 1973a).
(C) Stratigraphic column based on DSDP 15-150 core data with enlarged view of the area of the drilling-seismic line intersection (Shipboard Scientific
Party, 1973a). (D) Location map for the Line 1320 (blue line) and DSDP 15-146/149 and 15-150 drillings (red dots) within the research area. Seismic
horizons separating sedimentary packages are color-coded as follows: B” (Top of the basement): Red; K (Early Campanian, top of DSDP Unit 6
limestone: Cyan; A” (Early-Middle Eocene, top of Unit 3 chert: Purple; M (Early Miocene, interface between Unit 1 and 2 oozes: Green; sea floor
(Present): Pink (Kroehler, 2007).
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2.2

CLIP vs. Normal Oceanic Crust

As described in the previous section, the top of the acoustic basement of the
Caribbean plate is characterized by two different types of seismic reflectors, referred to as
the Rough B” and the Smooth B” reflectors. Based on the characteristic of the feature,
Ludwig et al. (1975) defined the top of the basement reflector in the Columbian Basin as
“rough” in contrast with the top of the basement reflector in the Venezuelan Basin
defined as “smooth”. Houtz and Ludwig (1977) confirmed the presence of a deep and
thin basement with a rough top reflector in the Columbian Basin, although later work by
Bowland and Rosencrantz (1988) remapped the rough-smooth boundary, showing that
they are not distinctive of the Venezuelan and Columbian Basins, respectively. Instead,
these basins are floored by both smooth and rough basement. The Horizon B” was drilled
on DSDP Leg 15 in 1973 (Figure 1.15), and it was found the basement consists of
tholeitic basalts or sills of dolerite where the reflector is smooth. This has been
interpreted, as the CLIP marking where mafic igneous rocks were erupted or emplaced.
Another horizon, sub-B”, was identified between the volcanic basement and lower
underplated material from multi-channel seismic (MCS) data in the Venezuela Basin
(Ladd and Watkins, 1980; Diebold et al., 1981; Diebold and Driscoll, 1999; Figure 2.4),
in the southern Beata Ridge (Hopkins, 1973; Stoffa et al., 1981; Figure 2.5), and in the
western part of the Colombia Basin (Bowland and Rosencrantz, 1988). This horizon is
identified only where the oceanic plateau crust is detected, and it is interpreted to mark
the top of the original normal oceanic crust before the thickening by magmatic activity
(Mauffret and Leroy, 1997).
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Beata Ridge

Figure 2.4. Interpreted seismic reflection line 1321 of the EW9501 cruise illustrating the sub-B” reflector.
Sub-B” was identified between the volcanic basement and lower underplated material by using MCS data in the Venezuela Basin. This figure also
shows the highly faulted nature of Beata Ridge (Driscoll and Diebold, 1998).
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Figure 2.5. A portion of MCS line 120 approaching DSDP Site 153 from the western Venezuela Basin.
The top panel is 24-fold CDP stacked section without gain. The bottom panel is deconvolved section corrected for spherical divergence loss. The
horizontal bars above the top panel indicate where array velocity analyses were performed to derive the average internal velocities shown at the four
locations along the section. At the top section, the groups of four dots at each velocity station indicates the location of the sub-B” primary reflections
(Stoffa et al., 1981).
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Today, it is generally accepted that the CAR plate is composed of a thick basaltic
volcanic plateau, whose basement is marked at the top by the smooth Horizon B”, and of
normal oceanic crust, whose basement is marked at the top by the rough Horizon B”. The
normal oceanic crust represents the original crust and primarily consists of mafic rocks
that are rich in iron and magnesium. However, the basement of the normal oceanic crust
is not affected by the volcanic activity associated with the development of the plateau.
Diebold and Driscoll (1999) precisely determined the boundary between the Rough and
Smooth B” based on the characteristics of the primary reflectors (Figure 2.6). Based on
evidence in the seismic reflection data of the EW9501 cruise, Diebold and Driscoll
(1999) identified that the uppermost and presumably youngest sequence of the extrusive
rocks of Late Cretaceous included highly mobile magmatic flows which were able to
spread along the valleys separating gently tilted blocks above the rough B” crust. In
several places, normal faulting of these blocks continued after a thin layer of volcanic
material had been emplaced and created the smooth-topped tilted blocks (i.e. ski-jump)
characteristic of the Central Venezuelan Fault Zone (Figure 2.6, CDP 19,100; Diebold
and Driscoll, 1999). This ski-jump structure has been identified as the boundary between
the smooth B” and the rough B”, which makes it also the boundary between the CLIP and
the normal oceanic crust. Driscoll and Diebold (1999) proposed the lateral extent of the
CLIP based on this method (Figure 2.7). Mann (1999) also proposed another the lateral
extent of the CLIP based on the magnetic anomalies and fracture zone trends from Coffin
et al. (1992) (Figure 2.8), while generally similar, there are discrepancies between the
two published models that I address later in this study.
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Smooth B”

Rough B”

Ski-Jump

Figure 2.6. Migrated seismic reflection line 1293 of the EW9501 cruise showing the ski-jump structure indicates the rough-smooth B” and also the
CLIP-normal oceanic crust boundary (CDP 19,100).
This figure also shows small seamounts rising from plateau surface in northern Venezuelan Basin (Diebold and Driscoll, 1998).

44

Figure 2.7. Map of the CAR region showing the plate boundaries with NA and SA and the basalt provinces onshore and offshore.
The dark pattern in the Caribbean Sea corresponds to the mapped extent of seismic Smooth B” in the eastern half (Venezuelan Basin) with a presumed
western extension (Hess Escarpment and southern Nicaraguan rise). Black patches on land are obducted fragments of the basalt province. Drilled sites
146, 150, 151, 152, 153 of DSDP Leg 15 (solid circles) and ODP Site 999 and 1001 are also shown (Driscoll and Diebold, 1999).
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Passive Margin

Figure 2.8. Major crustal province of the CAR plate and the lateral extent of the CLIP.
Major crustal provinces are; (1) Precambrian-Paleozoic Chortís block, Cretaceous oceanic plateau of the central CAR plate, Early Cretaceous-Recent
Great Arc of the Caribbean, and passive margins of North and South America. Red lines indicate active plate boundaries, and white lines are magnetic
anomaly and fracture zone trends from Coffin et al. (1992). Key to abbreviations: YB: Yucatan Basin, GB: Grenada Basin.
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2.3

Methodology

A main goal of this part of the study is to identify the lateral extent of the CLIP in
the central and eastern Caribbean regions. Based on the accepted observation that the
CLIP basement is characterized by Smooth seismic reflector versus Rough reflector
marking the top of the acoustic basement of the normal oceanic crust, I have identified
the two types of reflectors on selected MCS reflection profiles in the study region (Figure
2.9; Figure 2.10; Figure 2.11; Figure 2.12). These profiles clearly show the differences in
characteristics of the reflectors that indicated the top of the CLIP crust and the normal
oceanic crust. Additionally, it is seen from these profiles that the boundary between the
CLIP and the normal oceanic crust is indicated with a normal fault, as Diebold and
Driscoll (1999) suggested. In order to identify and correlate different seismic facies
across distant and disconnected profiles, I used the DSDP Leg 15 drilling data (Figure
1.14; Figure 1.15; Figure 1.16). Finally, to validate my interpretation of the CLIP vs.
normal oceanic crust regions, I relied on the existing seismic wide-angle and refraction
crustal profiles of the BOLIVAR project to constraint the thickness of the crust.
The preliminary extent of the CLIP can be assessed from DSDP Leg 15 drilling
data, which also show that the depth to the diabase/basalt basement exhibits a remarkable
variability throughout the central and eastern Caribbean region. The locations of the
drilling sites are shown at Figure 1.14. Sites 146/149, 150, 151, 152, and 153 penetrate a
basalt/diabase layer, which indicates the CLIP, at 750 m, 170 m, 370 m, 465 m, and 760
m below ocean bottom, respectively (Figure 1.15). Sites 147, 148, and 154 don’t reach
any volcanic structure. Site 147 reaches Pleistocene clay and marl ooze, Site 148 reaches
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Late Cretaceous silty clay and sand, and Site 154 reaches Miocene silt and clay. These
are not basement rocks and it is therefore not possible to draw any conclusions at these
sites. These results are along the edges of the plate or the water column is quite deep.
Based on drilling about the CLIP results the CLIP roughly covers an area that includes
the central part of the Venezuelan Basin, the Beata Ridge, and the northeastern part of the
Columbian Basin.

48

A

B

Figure 2.9. Characteristic differences between the reflectors at the top of the CLIP and the normal oceanic crust in the EW9501 – 1300 seismic profile.
(A) Uninterpreted EW9501 – 1300 seismic profile. (B) Interpreted EW9501 – 1300 seismic profile. Smooth B”: Red; Rough B”: Pink; A”: Purple. The
location of the seismic profile is shown at Figure 1.13.
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A

B

Figure 2.10. Characteristic differences between the reflectors at the top of the CLIP and the normal oceanic crust in the RC2103 – 137 seismic profile.
(A) Uninterpreted RC2103 – 137 seismic profile. (B) Interpreted RC2103 – 137 seismic profile. Smooth B”: Red; Rough B”: Pink; A”: Purple. The
location of the seismic profile is shown at Figure 1.13.
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A

Figure 2.11. Characteristic differences between the reflectors at the top of the CLIP and the normal oceanic crust in the RC2103 – 129 seismic profile.
(A) Uninterpreted RC2103 – 129 seismic profile. The location of the seismic profile is shown at Figure 1.13.

51

B

(B) Interpreted RC2103 – 129 seismic profile. Smooth B”: Red; Rough B”: Pink; A”: Purple. The location of the seismic profile is shown at Figure
1.13.
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A

B

Figure 2.12. Characteristic differences between the reflectors at the top of the CLIP and the normal oceanic crust in the EW9501 – 1296 seismic profile.
(A) Uninterpreted EW9501 – 1296 seismic profile. (B) Interpreted EW9501 – 1296 seismic profile. Smooth B”: Red; Rough B”: Pink; A”: Purple. The
location of the seismic profile is shown at Figure 1.13.
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Additionally, constraints about the presence of CLIP come from the BOLIVAR
wide-angle seismic data that image the SA-CAR plate boundary from the Maracaibo
block to Trinidad. Published the velocity models include 70°W (bol3) (Figure 2.13;
Guedez, 2007), 67.5°W (bol12) (Figure 2.14; Magnani et al., 2009), 65°W (bol19)
(Figure 2.15; Bezada et al., 2010), and 64°W (bol28b) (Figure 2.16; Clark et al., 2008),
derived from travel time inversion of first arrivals PmP and Pn. The western most profile,
70°W (Figure 2.13) exhibits a remarkably thick crust (~17 km) characterized by a fast
(Vp ! 7.0 km/s) middle and lower crust. Guedez et al. (2007), and Levander et al. (2006)
interpret the thick crust extending beneath the SCDB and the Paraguaná peninsula as
CLIP structure. At profile 67.5°W (Figure 2.14), the Venezuelan Basin is floored by
normal oceanic crust approximately 10 km thick. At the northern end of the 65°W profile
(Figure 2.15), the thickness of the crust is approximately 25 km, which is thicker than the
CLIP. The thickness at the 65°W refraction profile is probably because the crust imaged
is part of the Antilles volcanic island arc. The most eastern profile, 64°W (Figure 2.16),
exhibits ~20 km thick crust at the northern end of the profile. The northern end of this
profile falls on the southwestern end of the Aves Ridge, which is a remnant island arc.
So, the thickened crust sampled by the refraction profile is likely part of the island arc
and not of the CAR plate because the velocity of the crust is less that 7 km/s.
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Figure 2.13. Velocity model for 70°W (bol3) profile from travel time inversion of first arrivals.
PmP and Pn; this velocity model is shown with a vertical exaggeration of (upper) five and (lower) one. The upper portion of the profile was derived
from first-arrival tomography and kept fixed (indicated by the dashed white line) while PmP-Pn inversion was used to constrain the velocities of the
lower-crust and upper-mantle as well as the position of the Moho boundary. 1-D velocity profiles were calculated by averaging over 50 m in the regions
(Guedez, 2007).
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Figure 2.14. Velocity model for 67.5°W (bol12) profile from travel time inversion of first arrivals.
PmP and Pn; this velocity model is shown with a vertical exaggeration of (upper) five and (lower) one. OBS, Texan, and land shot locations used to
constrain the model are shown at the upper portion. Moho is white where constrained by reflections and black where unconstrained. Contour interval is
0.5 km/s; thick contour interval is 1 km/s as labeled. Lowermost crust and uppermost mantle velocities (km/s) are labeled above and below the Moho.
CdC: Cordillera de la Costa belt; VdC: Villa de Cura belt; SSF: San Sebastian strike-slip fault (Magnani et al., 2009).
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Figure 2.15. Velocity model for 65°W (bol19) profile from travel time inversion of first arrivals.
Model (top) shown at 5:1 vertical exaggeration. Model (bottom) shown with no vertical exaggeration. Velocities in the lower crust and upper mantle
labeled in white in km/s. Isovelocity contour interval is 0.5 km/s; with thicker contours labeled. Green dots indicate the location of OBSs, white dots
indicate the location of Texan stations with picked records, and red dots indicate the location of land shots. Yellow dots in the bottom of the model
correspond to bounce points of modeled PmP reflections referred to in the text as ray-trace Moho, the tomographic Moho is indicated in black. Orange
dots at a depth of ~10 km between model distances 260 and 280 km represent bounce points of the intracrustal phase interpreted as a reflection from the
base of the Espino Graben. VB: Venezuela Basin, SCDB: Southern Caribbean Deformed Belt, LBH: La Blanquilla High, LRC: Los Roques Canyon,
MB: Margarita Basin, CT: Cariaco Trough, EG/OB Espino Graben / Oriental Basin. Black arrow shows the location of the San Sebastian Fault, white
arrow shows the location of the El Pilar Fault and yellow arrow shows the location of the coastline (Bezada et al., 2010).
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Figure 2.16. Velocity model for 64°W (bol28b) profile from travel time inversion of first arrivals.
Model (top) shown at 5:1 vertical exaggeration. Model (bottom) shown with no vertical exaggeration. The dashed black line in both panels is the 5.5
km/s contour, our proxy for crystalline basement. The model above the dashed white line results from ZB98 first-arrival tomography; below the line the
model derives from ZS92 layer-based inversion of Pn and PmP arrivals. OBS, Texan, and landshot locations used to constrain the model are shown in
the top panel. Moho is white where constrained by reflections and black where unconstrained; the dotted black lines show two alternative possibilities
for the Moho in the unconstrained region. The lowermost crust and uppermost mantle velocities (km/s) are labeled above and below the Moho.
Abbreviations are as follows: LBH, La Blanquilla High; GB, Grenada Basin; MH, Margarita High; AB, Araya Basin; CF, Coche Fault; AP, Araya-Paria
peninsula; EPF, El Pilar Fault; SdI, Serrania del Interior; MF, Monagas Foothills; MB, Maturin Basin; SS, strike-slip system (Clark et al., 2008).
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2.4

Analysis and Results

The lateral extent of the CLIP is refined herein based on the characteristic
differences between the seismic horizons Rough B” and Smooth B”, the DSDP Leg 15
drilling data, and the thickness of the crust from the seismic refraction profiles of the
BOLIVAR project. First, I identified two types of reflectors at the top of the acoustic
basement in the reflection profiles because the Smooth B” represents the CLIP based on
DSDP drilling data. Then, I integrated the result of reflection profiles with the DSDP Leg
15 drilling data, and finally checked the thickness of the crust from the velocity models of
the wide-angle refraction profiles.
The CLIP boundary along the southern CAR plate is based on the thickness of the
crust and characteristics of the seismic reflectors of the acoustic basement from
BOLIVAR (EW0404) refraction and reflection profiles. Only the northern portion of the
70°W (Figure 2.13) is floored by CLIP. Any of the other refraction profiles are not
floored by CLIP, as we see from 67.5°W (Figure 2.14), 65°W (Figure 2.15), and 64°W
(Figure 2.16) profiles. The thickened crust at the northern part of the 65°W and 64°W
profile belongs to the crust of the Antilles volcanic island arc and the remnant island arc
of the southwestern end of the Aves Ridge. This material is not CLIP, however.
In the central eastern part of the Venezuelan Basin, the boundaries between CLIP
and normal oceanic crust are based on the characteristics of the horizon B” from the
Caribbean Plate Structure Cruise (EW9501) reflection profiles (i.e. Figure 2.9; Figure
2.12) since these lines showing the clean boundary between CLIP and normal oceanic
crust. Based on this data, the CLIP does not extend east to the Aves Ridge and the
59

southeastern part of the Venezuelan Basin must be floored by normal oceanic crust
(Figure 2.17). There is no coverage along the north easternmost part of the Venezuelan
Basin; thus, the boundary of the CLIP here follows Driscoll and Diebold (1999), which
they used some other seismic reflection profiles (Figure 2.7).
Along the northern part of the CAR plate, the reflection profiles that from the
Caribbean Plate Structure Cruise (EW9501), the Kane Fracture Zone & Venezuela Basin
Cruise (IG1503), and the Nicaragua Rise, Dominican Republic Cruise (IG2408) are used
to define the Clip. Here, the CLIP is imaged to the trench and subducts beneath the NA
plate at the Muertos Trough (Figure 2.17).
At the boundary of the Hess Escarpment and the Beata Ridge, DSDP Leg 15 Site
151, 152, and 153 drills define the location of the CLIP. These drillings cut the
basalt/diabase structure at the 370 m, 465 m, and 760 m, respectively, and this may
indicate that the CLIP extends all the way west to the Hess Escarpment.
Since the DSDP Leg 15 Site 154 didn’t go deep enough to see the basement, it is
not possible to use it to interpret the western part of the Columbian Basin and the
northwestern part of the CAR plate based on the drilling data (Figure 2.17). The only data
in that area are reflection profiles from the Southern Margin of the Caribbean Cruise
(RC2103), and one profile of the Caribbean Basin, Yucatan Basin Cruise (IG1506), but
they are not high quality enough to define the lateral extent of the CLIP in this area.
Thus, I defined the boundary of the CLIP in this area according to Mann (1999).
The seismic reflection profiles of the Southern Margin of the Caribbean Cruise
(RC2103) can be used to define the CLIP at the northern coast of the La Guajira
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peninsula (Figure 2.17). As shown in Figure 2.11, the boundary between the CLIP and
the normal oceanic crust occurs north of the SCDB subduction trench (Figure 2.17).
Mann (1999) determined the lateral extent of the CLIP based on the magnetic
anomaly and fracture zone trends, and suggested almost the entire Venezuelan Basin, the
Columbian Basin, and the northeastern part of the Hess Escarpment are the Caribbean
oceanic plateau (Figure 2.8). One of the differences associated with the lateral extent of
the CLIP between Mann (1999) and this research is at the southeastern part of the CAR
plate. Although Mann (1999) suggest that the CLIP extends all the way to the Aves
Ridge, the seismic reflection profiles at the eastern Venezuelan Basin (one is shown in
Figure 2.12) indicates that the CLIP does not extend all the way to the Aves Ridge. I
conclude the easternmost part of the Venezuelan Basin is also floored by the normal
oceanic crust. Another difference is at the northern coast of the La Guajira peninsula.
Mann (1999) defined that a small square-like area at the northern coast of the La Guajira
peninsula is floored by the normal oceanic crust; however, the reflection profiles in this
area (see Figure 2.11) indicate the CLIP boundary follows a path close to the SCDB
subduction trench, and that there is no such area floored by normal oceanic crust. Mann
(1999) interprets the CLIP extending into the northeastern part of the Hess Escarpment.
However, I have no data at the Hess Escarpment, and I followed the bathymetry to define
the CLIP in this area and it is similar to Mann (1999).
My refined extent of the CLIP is shown in Figure 2.17. The CLIP covers a large
area that is bounded by the Muertos Trough to the north, the SCDB to the south and the
Hess Escarpment to the west, and it doesn’t extend to the Aves Ridge. The CLIP involves
most of the Venezuelan Basin, the Beata Ridge, and part of the Columbian Basin.
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Figure 2.17. Lateral Extent of the CLIP.
The extent of the CLIP is refined based on the characteristic differences between the seismic horizons Rough B” and Smooth B”, the DSDP Leg 15
drilling data, and the thickness of the crust from the seismic refraction profiles of the BOLIVAR project.
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3.

COMPRESSIONAL STRUCTURES AT THE NORTHERN AND SOUTHERN
CONVERGENT MARGINS

3.1

Characteristic Features of the Collisional Structures

The sedimentary and tectonic structures at the convergent boundaries along the
northern and southern Caribbean plate are analyzed using seismic reflection profiles. I
identify differences and similarities between the observed features and where
convergence involves subduction of normal oceanic crust vs. CLIP. Finally, the
differences in the structures along the northern and southern Caribbean margins are
interpreted in terms of the type of convergence.
Convergent margins are the locations where two lithospheric plates collide and
form various geologic structures such as mountain ranges (i.e. Himalayas), ocean
trenches (i.e. Mariana Trench), and volcanic island arcs (Aleutian Islands). The collision
of an oceanic plate with a continental or oceanic plate ends up with a subduction of the
denser plate beneath the less dense lithospheric plate; whereas, the collision of two
continental plates end up with orogeny. The general elements observed at the surface of a
convergent margin involving a subducting oceanic plate and an overriding continental or
oceanic plates are illustrated in Figure 3.1. These elements are: the accretionary prism
(wedge), where the sedimentary materials scraped off from a subducting oceanic plate
and piled up as a series of thrust packages forming a bathymetric high; the volcanic arc,
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Figure 3.1. Schematic section of a subduction system.
Schematic section through the upper 150 km of a subduction zone, showing the principal crustal and upper mantle components and their interactions.
Note that the location of the “mantle wedge” (unlabeled) is that part of the mantle beneath the overriding plate and between the trench and the most
distal part of the arc where subduction-related igneous or fluid activity is found (Stern, 2002).
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which consists of a chain of active volcanoes that form on the overriding plate parallel to
subduction trench; the forearc basin, which is a low lying region between the volcanic arc
and the accretionary prism, filled by sediments mostly from the volcanic arc; and the
back-arc basin, which is a basin lying behind the volcanic arcs.
Although the style of the structures observed at convergent margins varies
depending on multiple parameters (i.e. rate and direction of convergence, amount of
sediment input, age, type and dip of the subducting plate), studies of active margins
worldwide suggested that in general, some active margins are associated with thick
sequences of tectonized oceanic and trench sedimentary rocks that are inferred to have
been scraped off from the subducting oceanic plate during active convergence (Hamilton,
1969; Ernst, 1970; Seely et al., 1974; Karig and Sharman, 1975). At other margins,
oceanic and trench sediments might be subducted along with the fragments of crystalline
crust tectonically removed from the overriding plate (Murauchi, 1971; Scholl et al., 1977;
Hilde, 1983).
After the DSDP and the ODP seismic surveys and drilling campaigns during
1990s, Clift and Vannucchi (2004) grouped modern convergent margins into two
tectonically contrasting models: Accreting (widening) and non-accreting (erosionally
narrowing) convergent margins (Figure 3.2). These two types of convergent margins
were defined by investigating the mass balance for subduction zones over a long period
of geological time (> 10 m.y.) because an accretionary margin can experience short-term
periods of erosion and vice versa, caused by tectonic episodes (e.g. collision with
seamounts, collapse of structures within the trench) (Clift and Vannucchi, 2004). Thus, a
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margin can only be defined as an accretionary or erosive if it is has experienced net
accretion or erosion over such long periods of time in the recent geologic past.
Accretionary margins are characterized by forearc regions composed of thrusted
and penetratively deformed trench and oceanic sediments that often develop mud
diapirism and volcanism because of sediment overpressuring (Clift and Vannucchi,
2004). Scholl and von Huene (2007) describe subduction accretion as the result of the
tectonic addition of ocean bottom or lower unit sediments and parts of igneous crust to
the margin’s makeup of rock and sediment. The process of subduction accretion thickens
the margin structure and causes it to expand or widen seaward. The authors conclude that
in general, where sedimentary sections thicker than ~1.5 km enter the subduction zone,
accretion typically builds a frontal prism of structurally scraped-off sediment. In contrast,
erosive plate margins are marked by steep trench slopes composed of volcanic, plutonic,
and mantle rocks. Sedimentary rocks are typically limited to the forearc basin, where they
may be faulted but are not strongly sheared in the fashion of an accretionary wedge (Clift
and Vannucchi, 2004). Scholl and von Huene (2007) define the subduction erosion as the
transfer of sediment and rock from the upper plate to the subduction channel, within
which material moves with the lower plate toward the mantle. Subduction erosion is
enhanced, and at some margins greatly so, by the passage of bathymetric relief (e.g.,
seamounts, ridges, horst and graben topography) down the subduction zone (Ballance et
al., 1989; von Huene and Scholl, 1991; Bourgois et al., 1996; Ranero and von Huene,
2000; Clift and Vannucchi, 2004; Hampel et al., 2004; von Huene et al., 2004).
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Figure 3.2. Illustration of the features common to two basic types of active convergent margins.
(A) accretionary margin and (B) erosive margin (Clift and Vannucchi, 2004).
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3.2

Analysis of the Data and Results

To analyze the structures, the along-strike variations, and the changes associated
with the type of subducting crust (CLIP vs. normal oceanic crust) along the northern and
southern CAR plate convergent margins, I selected six representative seismic reflection
profiles, four crossing the Muertos Trough at the northern subduction zone, and two
crossing the SCDB at the southern subduction zone (Figure 3.3). To the north, all the
profiles crossing the Muertos Trough (M1-M4) indicate that the CLIP subducts beneath
the North American plate. To the south, S1 images CLIP subducting beneath the South
American plate, while S2 images the boundary where normal oceanic crust is subducting
beneath the Leeward Antilles volcanic arc.

The Northern Margin

Profiles M1-M4 (Figure 3.4 – Figure 3.7) extend for ~45-50 km and show CLIP
basement and its sedimentary cover gently dipping beneath the NA plate at the Muertos
Trough. The stratigraphy above the acoustic basement in these profiles is representative
of the Caribbean region general stratigraphy, with Cretaceous limestones through the
Early Miocene unlithified sediments. The post Early Miocene sedimentary sequences in
this area, especially close to the trench, are represented by turbiditic deposits.
The acoustic basement, CLIP, at the northern margin of the CAR plate is
undergoing extensional stresses. Along profile M1 (Figure 3.4), normal faults are visible
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Figure 3.3. Map of the seismic profiles intersect the subduction zones at the Muertos Trough and the SCDB.
The profiles at the northern subduction zone, the Muertos Trough, are named from west to east; M1, combination IG1503 – vb-3na and IG2408 – sd-2b
(Figure 3.4), M2, combination IG1503 – vb-2n and IG1503 – vb-2nb (Figure 3.5), M3, combination IG1503 – vb-1nc and IG1503 – 1nb (Figure 3.6),
and M4, EW9501 – 1292 (Figure 3.7). The profiles at the southern subduction zone, the SCDB, are also named from west to east; S1, EW0404 – bol3
(Figure 3.8), and S2, EW0404 – bol12 (Figure 3.9).
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cutting the acoustic basement, although the faults don’t propagate upsection through the
Cretaceous units, suggesting that these structures are associated with the early stages of
the formation of the volcanic basement. At the M2 profile (Figure 3.5), few normal faults
with limited offset are visible cutting through the basement and overlying limestones,
likely associated with early stages of deformation of the igneous basement. The postPaleogene sediments along the M1 profile are deformed by a series of shortly spaced
thrust faults, as the units approach the accretionary wedge. On the profile M3 (Figure
3.6), a series of small shallow thrusts displace the post-Eocene sediments and sole out at
the top of the Early Eocene-Miocene sequences below the trench. Furthermore, the most
recent sedimentary fill appears to be folded by a reverse fault splaying off from the front
of the accretionary prism. In contrast, the dearth of structures imaged on the M4 profile
indicate little extension or compression stresses; this line is taken near the youngest
location of collision between the CAR and the NA plates.
The acoustic basement and the sedimentary layers are not visible beneath the
accretionary wedge at the M1 profile (Figure 3.4). However, the acoustic basement can
be traced for 9.4 km beneath the accretionary wedge along the profile M2 (Figure 3.5),
but no sedimentary sequences are visible above the basement, suggesting that they
incorporated into the accretionary wedge. The CLIP basement can be traced only ~ 4.2
km beneath the accretionary wedge at the M3 profile (Figure 3.6) with part (Cretaceous
and Paleocene units) of its sedimentary cover intact. Beneath the wedge at profile M4
(Figure 3.7), the basement can be followed for 11 km with its Cretaceous limestone
cover, while it appears that the overlying sedimentary sequences are scraped off by the
thrusts deforming the prism. We don’t see too much compression at this location because
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the convergence is gradually converted into strike-slip movement; so, the effect of
compression is decreasing at this location.
All the sedimentary layers imaged along the M1 profile (Figure 3.4), thicken
toward the subduction trench. Unlike the profile M1, no significant change in the
thickness of the CAR plate sedimentary units is observed approaching the trench along
the M2 (Figure 3.5) and M3 profiles (Figure 3.6). Along profile M4 (Figure 3.7),
thickening of the Paleocene and younger sedimentary sequences toward the accretionary
wedge is observed, while no thickening is visible in the older Cretaceous limestones. The
early Miocene sequences show distinct growth, while the overlying units onlap against
the frontal folds of the accretionary prisms, suggesting quiescence during the postMiocene time.
Within the accretionary wedge, a 7.3 km deep fault bounded forearc basin filled
with 4.8 km thick sediments is imaged along the M1 Profile (Figure 3.4), but such a basin
is not seen at the other profiles. M1 is the only line sampling the Beata Ridge; however,
the M3 profile extends well north and here (Figure 3.6), the shallow structure of the
accretionary wedge is dismembered by a system of normal faults dipping toward the
trench. These faults are not identified on M4 even though M3 and M4 sample similar
regions of the forearc because there is not too much compression to erode the sediments
below and to cause normal faulting at the upper part of the accretionary wedge.
Lastly, a 2.5 km-wide trench is visible at the foot of the accretionary wedge along
the M2 profile, a feature that is not present along the M1 profile. On the profile M3, the
trench visible along the profile M2 appears to become wider (5.6 km), and even wider at
the M4 profile. It is amazingly wide (~50 km) at the M4 profile.
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Figure 3.4. M1 – Uninterpreted and Interpreted Muertos Trough seismic profiles.
(A) Uninterpreted M1 seismic profile. The location of the seismic profile is shown at Figure 3.3.
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(B) Interpreted M1 seismic profile. A larger figure is at the Appendices section. The location of the seismic profile is shown at Figure 3.3.
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Figure 3.5. M2 - Uninterpreted and Interpreted Muertos Trough seismic profiles.
(A) Uninterpreted M2 seismic profile. The location of the seismic profile is shown at Figure 3.3.
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(B) Interpreted M2 seismic profile. A larger figure is at the Appendices section. The location of the seismic profile is shown at Figure 3.3.
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The change in thickness of the CAR plate sedimentary layers observed along the profile
M1 (Figure 3.4) and the presence of a eastward widening trench along profiles M2 and M3 are
interpreted here as the results of the syn-sedimentary extensional formation of the Beata Ridge
(located at the northern end of profile M1) and to the influence of the arrival of the Beata Ridge
(i.e. a basement high) to the trench/subduction zone.
The Beata Ridge is interpreted by several authors (e.g. Fox et. al., 1970; Driscoll and
Diebold, 1998; Mauffret and Leroy, 1999) as a fault-bounded basement high that resulted from
the extension associated with the formation of the igneous basement of the CAR plate. The
thickening of the Cretaceous sequences observed along profile M1 is interpreted here as the
sedimentary growth recording the extensional faulting and block tilting that formed the Beata
Ridge (as well as other features such as the Hess Escarpment to the west). Accordingly, most of
the growth in the Cretaceous sedimentary sequences is visible on the northern part of the
Venezuelan basin, where the profile intersects the northern extension of the Beata Ridge. Also,
faulting in the basement becomes more pervasive in the same region. In addition, the post Early
Miocene sequence thickens as a consequence of the growth of the tear fault.
Due to the thicker crust associated with this bathymetric high, the Beata Ridge is more
resistant to subduction than the surrounding CLIP crust, and today it represents the western
margin of a transfer zone (i.e. a tear fault) separating two different tectonic styles
accommodating convergence between the CAR and NA plates (Figure 2.4). To the west of the
tear fault, the CAR is obducted onto Hispaniola; to the east of the tear fault, the CAR bends and
subducts beneath Puerto Rico at the Muertos Trough (Driscoll and Diebold, 1998). Profile M1
records the northernmost tip of this tear zone and part of the sedimentary and crustal structure
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associated with the northern extension of the Beata Ridge. Consistently the accretionary wedge
structure is influenced by the deformation along the accommodation zone and by the structure of
the Beata Ridge. East of the tear fault, the CAR crust, not constrained by the Beata Ridge, is free
to bend and subduct at the Muertos Trough. This change in tectonic style is recorded along the
profiles M2, M3, and M4 by the presence of an eastward widening trench basin and the marked
domed shape of the CAR plate, flexing beneath the accretionary wedge. With the exception of a
thrust fault folding the trench fill and the Quaternary sediments along profile M3, the turbiditic
trench deposit and the recent sediment appear to be undisturbed along all profiles, onlapping
against the accretionary prism frontal structures, corroborating the geodetic vectors that show
that convergence between the CAR and NA today is negligible (Weber et. al., 2001).
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Figure 3.6. M3 - Uninterpreted and Interpreted Muertos Trough seismic profiles.
(A) Uninterpreted M3 seismic profile. The location of the seismic profile is shown at Figure 3.3.
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(B) Interpreted M3 seismic profile. A larger figure is at the Appendices section. The location of the seismic profile is shown at Figure 3.3.
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Figure 3.7. M4 - Uninterpreted and Interpreted Muertos Trough seismic profiles.
(A) Uninterpreted M4 seismic profile. (B) Interpreted M4 seismic profile. A larger figure is at the Appendices section. The location of the seismic
profile is shown at Figure 3.3.
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The Southern Margin

The southern margin (Figure 3.3) is imaged by two 40 km-long N-S profiles, S1
and S2 (Figure 3.8 and Figure 3.9) at the longitude of about 70ºW and 67.5ºW,
respectively. At these longitudes the CAR plate involved in subduction is characterized
by CLIP basement at profile S1 and by normal oceanic crust along profile S2, providing
an excellent opportunity to analyze the influence of the igneous plateau on the convergent
boundary system structures vs. the normal oceanic crust. Along both profiles, the CAR
plate is thrust beneath the SCDB prism and the E-W trending Leeward Antilles Island
Arc.
Perhaps the most striking feature along the profile S1 (Figure 3.8) is the presence
of regularly spaced normal faults dissecting the CAR Tertiary and Cretaceous
sedimentary sequences and extending through the igneous basement. These faults appear
to be present only beneath the trench zone, and are sealed at the top by a Middle Miocene
unconformity. Notably, the Early Miocene sequences show a substantial growth
(thickening) toward the accretionary prism. The trench sediments of post Middle
Miocene age onlap on the bathymetric highs formed by the Early Tertiary extension, and
appear to be undisturbed with the exception of a mild compression, as evidenced by the
presence of two reverse faults with minimal offset located at the center of the trench that
appear to reactivate and invert some of the Early Tertiary extensional structures at depth.
Additionally, north-propagating thrusts are visible at the front of the accretionary prism.
These thrusts appear to offset the sea bottom, suggesting present activity. Beneath the
highly deformed sediments of the accretionary wedge, the CAR plate igneous basement
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and its Cretaceous, Paleocene and Oligocene sedimentary cover are clearly traceable for
about 19 km (and possibly even further to the south). The continuity of this feature is
interrupted by several thrusts that offset the basement and the sedimentary units. About
20 km south of the front of the prism, the sedimentary cover above the igneous basement
of the CAR is interpreted as being removed by a system of south dipping, north verging
thrusts that sole out at the top of the basement.
Unlike profile S1, profile S2 (Figure 3.9) images the CAR plate floored by normal
oceanic crust virtually undeformed being overridden by the SCDB prism. The CAR plate
can be followed for almost 14 km beneath the SCDB with its sedimentary cover up to the
Oligocene units. Although thrusts are clearly visible imbricating the upper layers, the
Tertiary units appear to maintain their internal conformity and are not incorporated into
the prism, possibly entering the subduction channel. On the CAR plate, thickening of
sedimentary sequences is observed in the Early Miocene units, although it becomes
substantial in the Middle-Late Miocene units, where numerous unconformities are
separating stratigraphic units with distinct thickening toward the trench/SCDB.
A comparison between the profile S1 and S2 provides insights into the effect of
the presence of the CLIP vs. normal oceanic crust in the deformation at the convergent
margin between the CAR and the SA plate. Similar to the profiles to the north, where the
CLIP is involved in the subduction/convergence between CAR and Hispaniola, the CAR
shows a distinctive relief, which I interpret to be related to the flexure and bending of the
thick plate into the subduction zone. This relief appears to be a long-term feature of the
CLIP at the convergent margin, as suggested by the thinner sedimentary units over the
CLIP (near the trench) when compared to the sequences over the CLIP away from the
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trench and over the CAR normal oceanic crust. Along profile S1, the flexure of the CLIP
is accommodated by the system of normal faults that cut through the basement. Although
it is not possible to constrain the onset of the extensional faulting, I speculate that the
loading and the flexure of the CLIP was mostly active during the Early Miocene, as
indicated by the thickening of the Middle Miocene units, and decreased after the Middle
Miocene, as suggested by the onlap of the trench sediments on the Early Miocene angular
unconformity. Additionally, the presence of a narrow trench appears to be associated with
(and related to) the bending of the CLIP under the accretionary prism. To the east, along
the profile S2 (Figure 3.9), thickening of the sedimentary sequences toward the SCDB
suggests that growth of the prism at this location started in the late Early Miocene, but
most of the loading occurred in the Middle-Upper Miocene, consistently with the
eastward migration of the CAR plate.
Lastly, although the CAR is traceable beneath the SCDB along both profiles,
where the CLIP is involved, the sedimentary cover is clearly incorporated into the
accretionary prism, and possibly only the igneous basement is recycled back into the
subduction zone. Where the normal oceanic crust is involved, both the basement and its
sedimentary cover appear to enter the subduction channel.
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Figure 3.8. S1 - Uninterpreted and Interpreted SCDB seismic profiles.
(A) Uninterpreted S1 seismic profile. (B) Interpreted S1 seismic profile. A larger figure is at the Appendices section. The location of the seismic profile
is shown at Figure 3.3.
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Figure 3.9. S2 - Uninterpreted and Interpreted SCDB seismic profiles.
(A) Uninterpreted S2 seismic profile. (B) Interpreted S2 seismic profile. A larger figure is at the Appendices section. The location of the seismic profile
is shown at Figure 3.3.
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4.

CONCLUSION

In this project, I first refine the lateral extent of the Caribbean Large Igneous
Province (CLIP) based on: (1) the characteristic differences between reflectors in seismic
reflection profiles marking the top of the CLIP or of the normal oceanic crust, (2) the
thickness of the crust as modeled in seismic wide angle and refraction profiles, and (3)
DSDP Leg 15 drilling data. Based on the interpretation of the CLIP extent I then analyze
the sedimentary and tectonic structures at the convergent boundaries along the northern
and southern Caribbean margins, and compare and interpret the features observed along
the boundaries where convergence involves thrusting of the normal oceanic crust vs.
CLIP.
Based on the analysis and interpretation of the character of the acoustic basement
observed on the seismic dataset used in this project, I conclude that most of the
Venezuelan Basin, the Beata Ridge, and the northeastern part of the Columbian Basin is
floored by the CLIP. These results differ slightly from the results of older studies, such as
Mann (1999), primarily in the eastern Caribbean plate.
In his study, Mann (1999), suggests that the easternmost part of the Venezuelan
Basin is floored by the CLIP up to Aves Ridge based on magnetic anomaly and fracture
zone trends; however, here I suggest that the CLIP doesn’t reach to the Aves Ridge at the
east based on the seismic reflection profiles of the Caribbean Plate Structure Cruise
(EW9501) and Southern Margin of the Caribbean Cruise (RC2103), which show that this
area is not floored by the CLIP. Mann (1999) also proposes that a small portion of the
crust off the northern coast of the La Guajira peninsula is not floored by the CLIP, but
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reflection data supports the opposite interpretation; it looks that particular area is floored
by the CLIP as surroundings.
To investigate the changes associated with the type of the crust (CLIP vs. normal
oceanic crust) and the relative structural variations along the convergent margins at the
northern and southern CAR plate (Muertos Trough and SCDB), I interpreted six
representative profiles - four crossing the Muertos Trough at the northern subduction
zone, and two crossing the SCDB at the southern subduction zone.
At the northern convergent margin, all the seismic profiles crossing the Muertos
Trough image the CLIP subducting. Additionally, one of the westernmost profile (M1)
images the northern extension of the Beata Ridge, a basement block uplifted as a
consequence of extensional faulting and block tilting during the early Cretaceous igneous
plateau formation; I interpret the thickening of the Cretaceous sedimentary sequence
toward the trench along the M1 profile as the growth of the Cretaceous sequence
associated with the syn-sedimentary extensional phase. A similar growth in early
Cretaceous units is observed along the eastern flank of the Beata Ridge on additional
profiles (Driscoll and Diebold, 1998). Due to the thickened crust beneath the Beata
Ridge, this block is more resistant to subduction. Based on this observation, Driscoll and
Diebold (1998) propose the existence of a north-south trending transfer zone (tear fault)
that accommodates a change in deformation style along strike from the Muertos Trough
to the east and the Hispaniola to the west. From east to west, the style changes from
bending and subduction along the Muertos Trough to compressional deformation and
obduction on Hispaniola (Driscoll and Diebold, 1998). The profiles analyzed here image
the thickened CAR plate flexing toward the subduction zone and beneath the accretionary
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prism. This doming of the CLIP forms a trench basin that widens toward the east, moving
away from the Beata Ridge and from the tear fault. The trench turbidites and the
Quaternary sediments are undisturbed with the exception of a thrust fault folding trench
fill at profile M3. These undisturbed sediments corroborate the geodetic observations of
Weber et. al. (2001), showing that convergence between the CAR and NA plates is
negligible today.
Along the southern margin, the seismic data show that both the CLIP and the
normal oceanic crust are involved in the convergence, to the west and east respectively.
This situation provides an opportunity to analyze the effect of the oceanic plateau vs. the
normal oceanic crust on the convergent margin system at the SCDB and the Leeward
Antilles Island Arc. Where the CLIP is subducting beneath the SCDB (profile S1), a
system of normal faults dissecting the CLIP basement and the Tertiary and Cretaceous
sedimentary sequences accommodate the flexure and bending of the thickened CAR
plate, a flexure similar to the one observed along the seismic profiles crossing the
Muertos Trough at the northern margin. This bending creates a narrow trench at the front
of the accretionary wedge. Since the Paleocene through Early Miocene sedimentary
sequences are thinner in the area near the trench and above the present bulge, I suggest
that the bulge (and thus the relief) of the CLIP has existed for as long as the age of
thinned sediments.
The Early Miocene sedimentary sequences are clearly thickening toward the
trench at profile S1. Based on this thickening I suggests that the loading and the flexure
of the CLIP was mostly active in the Early Miocene, but that the activity decreased after
the Middle Miocene as indicated by the onlap of trench sediments onto the Early
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Miocene angular unconformity. Furthermore, based on the increased thickness of
sedimentary sequences above the normal oceanic crust along profile S2 (to the east), I
propose that the SCDB here started growing in the late Early Miocene and that the most
of the growth and loading occurred in the Middle-Upper Miocene, consistent with the
eastward migration of the CAR plate.
Finally, the acoustic basement and the sedimentary layers are traceable beneath
the SCDB in both S1 and S2 profiles. The structures in the accretionary prism, however,
appear quite different. Where the CLIP is involved in the convergent margin, sedimentary
sequences are clearly scraped off and accreted to the prism, while the oceanic plateau is
likely recycled back into the subduction zone. In contrast, where the CAR is floored by
the normal oceanic crust, both the crust and the sedimentary sequences appear to enter
the subduction channel, and only the Miocene sequences and younger are accreted to the
prism probably because the pre-Miocene units are generally highly lithified rocks, while
the post-Miocene units are unconsolidated oozes.
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APPENDIX
A.

Map of the MCS Reflection Profiles of Each Cruise

Figure A.1. Map of the SE Caribbean Seismic Cruise also known as the Broadband Onshore-Offshore Lithosphere Investigation of Venezuela and the
Antilles Arc Region (BOLIVAR) Project (EW0404) Data.
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Figure A.2. Map of the Caribbean Plate Structure Cruise (EW9501) Data.
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Figure A.3. Map of the Caribbean IPOD Cruise (FM0107) Data.
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Figure A.1. Map of the Kane Fracture Zone & Venezuela Basin Cruise (IG1503) Data.
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Figure A.1. Map of the Caribbean Basin, Yucatan Basin Cruise (IG1506) Data.
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Figure A.6. Map of the Nicaragua Rise, Dominican Republic Cruise (IG2408) Data.
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Figure A.7. Map of the Western North Atlantic Margin Cruise (RC1904) Data.
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Figure A.8. Map of the Southern Margin of the Caribbean Cruise (RC2103) Data.
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